Tantalum nitride superconducting single-photon detectors with low cut-ofF energy 
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Materials with a small superconducting energy gap are expected to favor a high 
detection efficiency of low-energy photons in superconducting nanowire single-photon 
detectors. We developed a TaN detector with smaller gap and lower density of states 
at the Fermi energy than in comparable NbN devices, while other relevant parameters 
remain essentially unchanged. The observed reduction of the minimum photon energy 
required for direct detection is in line with model predictions of ~ 1/3 as compared 
to NbN. 
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Superconducting nanowire sing le-photon detectors^ (SNSPD) are viable detectors for ap- 
plications where speed is critical, both in terms of small jitter and short reset times. To date 
the majority of SNSPD have been made from NbN thin films due to their favorable charac- 
teristics. Superconducting NbN films with a ^ 15 K can be made a few nanometer thin^ 
and the resulting films can be structured down to strip widths of a few tens of nanometers^'^ 
without destruction of superconductivity. According to simple detection models,^ the thresh- 
old energy for direct detection decreases for materials with shorter thermalization time rth, 
small electron-diffusion coefficient D, low density of states at the Fermi energy Nq and small 
superconducting energy gap A. Newer results also indicate that a large magnetic penetra- 
tion depth Xl leading to a larger kinetic inductance oc A| is beneficial to avoid latching 
into the normal conducting state. ^ 

All of these requirements limit the number of superconducting materials that are suitable 
for SNSPD, and there have been only a few publications about detectors made from alter- 
native materials. Results on Nb-based SNSPD^'* highlighted the importance of D and Nq 
and confirmed the importance of Lk- Thin films from NbTiN offer advantages in fabrication, 
and the resulting SNSPD may have lower dark-count rates. ^ Detectors made from MgB2 still 
suffer from the low quality of ultra-thin MgB2 films. Very recently, two reports with similar 
objectives have been published. In one work the use of a-W^.Sii_^. with Tc ~ 3 K resulted 
in increased detection efficiencies (DE) at lower energies. The other study compared DE 
of SNSPD from NbSi (T^ ^ 2 K) with NbTiN, but although relative DE increased at long 
wavelengths for NbSi, absolute values of DE were very low.^^ In this letter we report results 
on a SNSPD made from ultra-thin TaN films. TaN is chemically and physically very similar 
to NbN and so are most of the relevant parameters, except for Tc (~ 6-10.5 K) and the asso- 
ciated energy gap A, which both are significantly smaller, and a moderate reduction of Nq. 
Any difference in detector performance can thus be linked to a change in these parameters. 

Ultrathin TaN films were grown by DC reactive magnetron sputtering in an Ar/N2 at- 
mosphere on R-plane cut sapphire substrates. The sputter target was pure (99.95%) Ta and 
the sapphire substrates were heated to 750°C. The critical temperature of the as grown films 
varied between ^ 10.5 K for film thicknesses d > 10 nm and 6 K for a thickness of only 
2.3 nm. From these films SNSPD with the typical meander geometry were fabricated using 
electron-beam lithography and ion milling. More details about the fabrication process have 
been published elsewhere. 
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The optical detector- measurements have been performed in a He-3 bath cryostat. The 
temperature could be stabilized to ^ ±10 mK at 5 K and ±1 mK below 2 K. The detector 
signal was transmitted to a cryogenic amplifier at the 4 K-stage and then further to a second 
amplifier at room temperature before fed into a 3.5 GHz digital oscilloscope or a pulse 
counter. The amplifier chain had an effective bandwidth of about 40 MHz to 1.9 GHz. The 
bias current was applied in constant-voltage mode and passed through a series of low-pass 
filters. The light from a xenon discharge lamp was passed through a grating monochromator 
and then fed into the cryostat using a free-space setup. Although an absolute calibration 
of the light intensity was difficult, the lamp spectrum at the detector has been measured 
and the intensity was monitored during experiments to account for variations in the lamp 
output. The beam was slightly defocused to obtain a uniform photon-fiux density over the 
meander area (max. ~ 10^ photons fim~^ s^^). However, the measurements are prone 
to systematic errors. The given DE should therefore be taken as relative numbers. In 
another setup with a different TaN SNSPD an absolute DEsi 20% has been determined. 
Complimentary resistance R vs. temperature T measurements were performed in a Quantum 
Design PPMS-9. 

The detection mechanism of SNSPD relies on the conversion of the energy of the absorbed 
photon into elementary excitations of the superconducting film.^ Neglecting quasi-particle 
diffusion, one can estimate the volume of the superconducting film that switches into the 
normal-conducting state by equating the superconducting condensation energy of that vol- 
ume to the photon energy that is converted into quasi-particle excitations, AdAF = (hu, 
with AF being the free-energy density difference between the superconducting and normal 
states, A the normal-conducting hot-spot area, C ^ 1 the conversion efficiency accounting 
for losses during the energy conversion process, h the Planck constant and u the photon 
frequency. Depending on the applied bias current with respect to the depairing criti- 
cal current Ic one can determine a minimum energy (or maximum wavelength) that can 
be detected. Taking also into account quasi-particle diffusion and the reduction of the 
critical-current density by excess quasi-particles one arrives at a slightly different criterion 
for direct detection of absorbed photons, 



with c the speed of light, A the photon wavelength and Tth the time scale of the quasi- 




(1) 
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TABLE I. Material and device parameters of the TaN SNSPD of this study and a reference NbN 
detector, lu is the width, d the thickness, L the total length of the meander and pa is the square 
resistance of the superconducting film just above Tc- The superconducting energy gap has been 
calculated from the BCS-relation A = l.TOfc^Tc (with the Boltzmann constant ks)- 
w d L No A D h^GL e PD 

(nm) (nm) (/xm) (K) (nm^'^eV^"'^) (meV) (cm^ s~^) (/xA) (nm) (17) 
TaN 126 3.9 71.4 8.16 44 1.24 0.6 22.4 5.5 590 

NbN 80 6.0 120 13.0 51 1.98 0.54 48.2 4.3 380 

particle multiplication process. From Eq. (1) it becomes clear that the most important ma- 
terial parameters are A^o and A. From the analysis of R{T) measurements^ we determined 
all parameters relevant for the detector presented, except for the time constant Tth ~ 7 ps, 
which we assumed to be similar to NbN films. In table I we compare our results with 
parameters for a reference NbN detector with almost the same cross-sectional area of the 
meander strip. The critical current /c,gl given in table I is the theoretically expected de- 
pairing critical current from GL-theory at zero temperature. The experimentally achieved 
critical currents Ic were ~ 85% of /c,gl- 

Well below the critical temperature (< 0.5Tc) and biased with a direct current of 80% to 
90% IciT) one can observe voltage transients that look very similar to those monitored in 
NbN detectors. The amplitude of the pulse varies with the applied current, the rise time of 
about 220 ps (see Fig. 1 (b)) is determined by the amplifier and oscilloscope bandwidth, the 
damped oscillations following the pulse are a consequence of the effective values of induc- 
tance, capacitance and resistance in the measuring circuit. In the following we assume that 
the same single-photon detection mechanism as for NbN SNSPD applies to TaN detectors 
as well. 

In Fig. 1 we present measured DE as a function of the applied bias current h/Ic for 
different photon wavelengths at a detector temperature of 2.0 K. For small wavelengths, 
i.e. high photon energies, a clearly identifiable plateau exists for bias currents above a 
wavelength-dependent threshold value. Below this threshold value the detection efficiency 
drops in an approximately exponential way with decreasing bias current. This general 
behavior is analogous to the typical behavior observed for NbN SNSPD. For comparison, 
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FIG. 1. Detection efficiency {DE) as a function of Ib/Ic measured at 2.0 K and photon wavelengtlis 
as indicated. Tlie sliift in tlireshold current witli different photon energies is roughly linear as 
suggested by Eq. (1). Open symbols show dark-count rates (right axes) as a function of bias 
current for 2.0 K. Inset (a) shows a comparison between TaN and NbN detectors for 300 nm 
photons and similar operating temperatures. Inset (b): Averaged and normalized traces of single- 
photon detection events in TaN and NbN. 



the normalized detection efficiencies for the TaN and a reference NbN detector measured 
with 300 nm photons at comparable operating temperatures are plotted in the inset of Fig. 1. 
The difference in the threshold current is obvious, despite the roughly equal cross-sectional 
areas of the two conduction paths. The dark-count rates Rdc are shown in the same graph 
clS cl function of bias current. 

Additional measurements were also done as a function of the photon wavelength A for a 
fixed bias current. The results obtained at T = 2.0 K are shown in Fig. 2 (the DE show 
a certain repeating noise pattern that is at least partly caused by an elliptical polarization 
of the incident light). We normalized the DE to the average DE from 300 nm to 1000 nm 
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FIG. 2. Detection efficiency {DE) as a function of A at different bias currents and T = 2.0 K. 
The averaged maximum DE is indicated by the horizontal dashed hne. Inset (a): Ratio of DE 
(DExaN/DENhN) vs. A. DExaN IS significantly increased for long wavelengths and Acutoff is easily 
identified. Acutoff for NbN is less clear due to large systematic errors in this wavelength range. 
Inset (b): relation between minimum photon energy -Ephoton = and the threshold current Ith, 
error bars are estimates of the accuracy in determining the cut-off criterium. The red line is a 
least-square fit according to Eq. (1). 



obtained at the highest bias-current. 

The DE as a function of bias current and photon wavelength were also measured at tem- 
peratures of 0.61 K and 4.0 K (not shown). We have observed the same trends that were 
also reported for NbN^'' and Nb® detectors: The detector performance can be significantly 
improved by lowering the temperature from 4.0 to 2.0 K. The cut-off wavelengths are mea- 
surably longer at 2.0 K, and Rdc are lower by two orders of magnitude for equal J^/Jc-values. 
For even lower temperatures (0.61 K), the dark-count rates are further reduced by almost 
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two orders of magnitude, whereas we observe only a small change in the detection properties 
towards a lower cut-off energy. 

In the inset (a) of Fig. 2 we plot the ratio of normalized DE for the TaN and NbN 
detectors vs. A for roughly equal h/Ic- It demonstrates the significant increase in DE of 
the TaN SNSPD for long wavelengths and allows for an easy identification of the cutoff 
wavelength at around 1100 nm. 

From the data presented in Figs. 1 and 2 we extracted pairs of threshold bias-currents 
Ith and cut-off photon wavelengths Xmax, which we can use to verify the detection criterion 
given in Eq. (1). We defined the experimental threshold for direct single-photon detection, 
for which the relation in Eq. (1) becomes an equality, as that point, where the DE reaches 
half the maximum DE. We repeated this procedure for all the Z^i^-measurements as a 
function of h and A at both 0.61 and 2.0 K (4.0 K data have been excluded, see above). The 
resulting pairs of threshold currents and minimum photon energies are plotted in the inset 
(b) of Fig. 2 as (1 — Ith/h) vs. Emm = hc/\max- Accordiug to Eq. (1) these data should 
fall onto a single straight line through the origin, which is, within the accuracy of our data, 
indeed the case. Using the device parameters from Tab. I and assuming a thermalization 
time = 7 ps, we can determine the conversion efficiency C ~ 0.12, which is similar to 
results obtained on NbN.^^ 

With this value for C, we may also calculate, using Eq. (1), the minimum photon energies 
required for direct detection in TaN and NbN detectors under otherwise equal operating 
conditions. We obtain a ratio -Emj„(TaN)/i?mj„(NbN) 1/3, which compares favorably 
with the observed ratio of 0.4 to 0.5. This good agreement also justifies our assumption of 
roughly equal Tth in NbN and TaN. 

In conclusion, we have presented results on a TaN SNSPD that showed improved de- 
tection at longer wavelengths as compared to similar sized NbN detectors. The detector 
performance in terms of minimum threshold-currents and cut-off wavelengths could be well 
described within a detection model taking into account quasi-particle multiplication and dif- 
fusion. This confirms the importance of the superconducting gap and the density of states 
for predicting the applicability of a certain superconducting material in SNSPD. With fur- 
ther improvements in TaN-film preparation and nanolithography we expect to reach DE 
comparable to the best NbN devices without compromises in speed or jitter, but for lower 
photon energies. Compared to other low-gap materials recently suggested^^'^^ that work best 
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at sub-Kelvin temperatures, we identify the following advantages. Like the NbN SNSPD, 
the TaN based devices reach the best, nearly temperature independent performance already 
at about 2 K. We also observe a significant increase in DE over NbN SNSPD in the infrared, 
and not only a slower decrease of DE as in NbSi compared to NbTiN. Beyond the possibility 
to increase the usable spectral range towards lower photon energies, TaN has also relatively 
short absorption lengths for X-ray photons of keV-energies. 

This research received support from the Swiss National Science Foundation grant No. 
200021_135504/1 and is supported in part by DFG Center for Functional Nanostructures 
under sub-project A4.3. 
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